Background Extracortical bone bridging for treatment of massive bone loss can improve stability and longevity of massive endoprostheses. Osteogenic protein-1 (OP-1), when used with allograft bone, reportedly improves extracortical bone bridging and bone ingrowth. Questions/purposes We asked whether OP-1 delivered by hydroxyapatite (HA) without bone grafting could improve bone ingrowth and bone formation in the context of extracortical bone bridging. Methods We implanted unilateral segmental femoral diaphyseal replacement prostheses in 18 dogs (three groups of six dogs). The groups consisted of an HA-coated group augmented with OP-1, an HA-coated group, and a plain porous group. Bone grafting techniques were not used to augment bone formation. The implants were retrieved at 12 weeks for histologic assessment. Results After removing one specimen owing to a complication, 17 femora were analyzed (six HA-coated augmented with OP-1, five HA-coated, and six plain). We observed better bone ingrowth in the HA-coated OP-1 group than in the plain porous and HA-coated groups, with no difference between the latter two groups. There also was better bone apposition and callus height in the HA-coated OP-1 group than in the plain group but no differences between the HA-coated OP-1 and HA-coated groups or between the HA-coated and plain groups. Conclusions OP-1 (2.9 mg) delivered by HA-coated segmental replacement prostheses in this canine extracortical bone bridging model revealed improved bone ingrowth over HA-coated implants without OP-1 or plain porous-coated prostheses. Clinical Relevance OP-1 may be useful as an adjunct to prosthetic reconstruction of massive bone loss without the need for complex bone grafting techniques.
Introduction
Massive endoprostheses are invaluable in dealing with failed total joint arthroplasties or severe bone loss. Although useful reconstructive implants, they are associated with relatively high failure rates [23, 26, 27, 35, 45] . Aseptic loosening remains a primary mode of failure despite advances in the design of these implants [3, 6, 21, 23, 26, 27, 35, 45] with rates ranging from 2.9% to 28.6% at 4 to 10 years [21-23, 26, 27, 35] .
The concept of obtaining bone ingrowth at the junction of the body of the implant and the host bone (extracortical bone bridging) came from the observation that heterotopic bone formation, albeit in variable amounts, often occurs at this site after large bony resections [6, 48] . This concept has been explored with attempts to replace large segmental diaphyseal defects with porouscoated surface implants [5] . Ideally one would like to drive and enhance this bone production toward the implant surface such that this new bone binds the recipient implant to improve its stability. Chao et al. showed that extracortical bone bridging has been associated with a low rate of aseptic loosening of 3.6% at 10 years and suggested it as an attractive method to provide durable implant fixation [5] . Furthermore, a finite element analysis suggests that extracortical bone bridging reduces stresses on the stem and cement mantle of such prostheses [7] . Thus, extracortical bone bridging may increase the longevity of such implants [8] . Other benefits of extracortical bone bridging and ingrowth include the possible sealing effect of the fibroosseous sleeve that theoretically prevents wear debris from entering the medullary canal, thereby, decreasing the risk of osteolysis at the bone-cement-implant interfaces [48] .
Growth factors such as the TGF-b1 and -b2 and bone morphogenetic proteins (BMP)-2 and -7 have enhanced bone ingrowth and bone formation in many animal models [1, 2, 4, 10-13, 25, 28-34, 36-38, 41, 42, 49, 50] . Recombinant human OP-1, also known as BMP-7, is one such growth factor with powerful osteoinductive properties [16] that enhances new bone formation and bone ingrowth [2, 17] . Although one study proposed using autogenous corticocancellous onlay bone grafting at the bone-implant junction for superior bone formation, extracortical bone bridging, bone ingrowth, and soft tissue capsule formation around the prosthesis [47] , others have proposed using growth factors with or without bone grafting to improve these processes [17, 37, 40] . A recent report indicates that cortical allograft used in combination with OP-1 in a canine model improves implant biomechanical stability in comparison to using autogenous bone grafting alone [17] . Although OP-1 generally is delivered by a collagen matrix [11, 12, 15, 17] , HA, which also is thought to enhance bone ingrowth and osseointegration [9, 14, 20, 39, 44, 46, 51] , has been proposed as a carrier for OP-1 [51, 52] .
Our primary goal in this study was to assess the amount of bone ingrowth in the adjacent porous-coated region of a segmental replacement prosthesis when OP-1 is delivered by an HA coating. Our secondary goals were to assess the amount of histologic bone formation, histologic bone apposition, and radiographic bone formation when using OP-1 delivered by an HA coating.
Materials and Methods
An experimental canine study was performed with one group being treated with OP-1 delivered by HA, another group being treated with an HA-coated prosthesis, and a third group treated with a prosthesis without the HA coating, to compare bone ingrowth and formation histologically and radiographically to study the effects of OP-1 on these parameters. Approval for the study was obtained from our institutional animal care committee and all guidelines set by our national Council on Animal Care and the University were followed.
A sample size calculation was done to find an absolute difference of 20% depth of bone ingrowth with a = 0.05 and b = 0.1. The expected standard deviation of 13 and effect size of 20% for the calculation were estimated from data on the use of OP-1 in canine acetabular defects [2] . Although biomechanical data for this type of model were not available at the time, a recent study showed a difference of 12% bone ingrowth in this model was associated with a 2.3-fold improvement in torsional stiffness and 2.2-fold maximum torque [17] . The calculation revealed that six animals would be required per group.
Three groups of six skeletally mature mongrel canines weighing 32 to 43 kg (mean, 37 kg) were used. Group one (OPPA) was implanted with an OP-1-augmented PeriApatite TM (PA)-coated (Stryker Orthopaedics, Mahwah, NJ, USA) beaded implant. Group two (PAC) was implanted with a PA-coated implant. PA is an HA coating that forms a larger surface area for contact than traditional plasma-sprayed HA coatings [53] . Group three (plain) was implanted with the plain beaded implant.
The prosthesis was developed specifically for the canine diaphyseal segmental replacement model and was used in a previous study [17] . It is a modular cobalt-chromium alloy bistemmed prosthesis with a 30-mm proximal and 40-mm distal stem. The stems are fluted and measure 10 mm in diameter allowing for cement fixation. The two components of the modular implant couple using a Morse taper. The 60-mm segmental body consists of a duallayered sintered cobalt-chromium alloy bead (diameter, 600-800 lm) coating (Fig. 1) . Twelve of the 18 implants were further coated with PA.
The dogs were anesthetized using 15 to 20 mg of sodium pentathol per kg body weight for induction and 2% to 4% isofluorane with 2 L oxygen per minute for maintenance. The OP-1 (2.9 mg) in 600 lL buffer solution (provided by Stryker BioTech, Hopkinton, MA, USA) was evenly pipetted onto the porous coat at the beginning of the procedure to allow the PA to absorb the OP-1. Time from application of the OP-1 to the implant until prosthetic implantation was approximately 30 minutes. Control implants were loaded with the same amount of buffer solution for the same amount of time before implantation. A lateral approach to the femur was performed followed by a 62-mm extraperiosteal diaphyseal segmental resection using an oscillating saw. Rotational markings were made before the resection to minimize malrotation. The saw blade and bone ends were irrigated continuously to minimize thermal necrosis. The proximal and distal femoral canals were reamed sequentially to 10 mm using blunt tipped rigid reamers. Hemostasis was achieved and final irrigation of the wound was performed at this point before implantation. Vacuum-mixed cement then was injected into proximal and distal femoral canals. The proximal and distal implant segments then were seated, excess cement was removed, and the cement was allowed to cure. The implant then was coupled and the wound was closed in layers ensuring the porous coat of the implant was circumferentially covered by muscle. The skin was closed with a buried running subcuticular Monocryl1 suture (Ethicon, Inc, Somerville, NJ, USA). Immediate postoperative radiographs were taken to ensure adequate positioning of the implants.
Cephalexin was continued for 10 days at a dose of 25 to 50 mg per kg body weight per day given twice a day. Pain management included 0.01 to 0.02 mg buprenorphine per kg body weight given intramuscularly every 8 to 10 hours for the first 12 hours after which a 72-hour 75 lg fentanyl transdermal patch was applied. The animals were allowed to weightbear as tolerated postoperatively.
There was one major complication that occurred in one animal in the PAC group. The cement had cured prematurely before insertion of the distal component of the prosthesis. As such, the cemented canal was drilled and reamed. During this process, an anterior perforation occurred and a cement plug was placed and allowed to harden before cementing in the distal component. Postoperative radiographs showed extramedullary placement of the distal part of the stem along with some cement extrusion into the suprapatellar pouch of the knee. Postoperatively, the animal was limping, and therefore, the cement was removed via arthrotomy. The clinical picture improved after the arthrotomy and the animal resumed use of the limb; however, weightbearing was limited on that limb for the remaining 12 weeks of the study period. At necropsy, the distal femoral-implant interface was grossly loose, whereas all other specimens appeared stable to manual testing. We excluded this animal for the bone ingrowth analysis as gross motion would prevent bone ingrowth and could artificially give more strength to our OPPA group. At 12 weeks, the animals were euthanized using a lethal dose (90 mg/kg) of intravenous sodium pentobarbital. The femora were harvested, removing all muscle tissue from the femur and implant and leaving behind only bone and fibrous tissues. The specimens were assessed manually to ensure that the unit (proximal femur, prosthesis, and distal femur) was not grossly loose. Radiographic and histologic data were collected for 17 of the 18 animals ( Table 1) .
High-resolution AP and lateral radiographs were taken using a Faxitron 1 apparatus (Hewlett-Packard, Boise, ID, USA), which then were digitized ( Fig. 2) and analyzed for radiographic bone formation using Bioquant Image Analysis software (Bioquant Image Analysis, Nashville, TN, USA). The area of bone formation seen on the AP and lateral images was captured by the imaging software and these areas were summed for each animal for comparison among the groups.
The proximal and distal ends of the femur 40 mm away from the implant-bone interface were removed to facilitate storage and the remaining segments were fixed in 70% ethanol, dehydrated, embedded in Spurr plastic, and sectioned to create a 20-mm long proximal and distal segment to enable observation of the junction between the femur and the porous-coated implant segment. One longitudinal section was made for each femur-implant junction. The longitudinal sections were made through the center of the implant axis such that the section would include the area with maximal callus thickness and that the cuts would be perpendicular to the tangential of the implant surface to minimize obliquity through the porous region or the callus. The sections were ground to a final thickness of approximately 40 lm and were stained with Giemsa. The slides were observed under a light microscope (Nikon Eclipse 90i; Nikon Instruments, Inc, Melville, NY, USA) and digital photographs of x10 magnification were taken for image analysis. Quantitative data were collected with Image-Pro 1 Plus software (Media Cybernetics, Silver Spring, MD, USA). The depth of the bone ingrowth was expressed as the percentage of the deepest point of the bone inside the porous coating to the whole thickness of the porous coating. Bone apposition was expressed as the total length of the surface of the implant that has bone attachment of 50% or more of its length. The callus height was measured on each image as the maximum thickness of callus from the implant surface. All histologic measurements were performed by one author (RZ) who was blinded to the treatment groups.
We determined differences in bone ingrowth between the three groups using the Kruskal-Wallis rank-sum test with a p value set to 0.05 for significance. A Wilcoxon rank-sum test was used for multiple comparisons testing within the groups and after applying a Bonferroni correction for multiple comparisons, a p value of 0.016 was considered significant. Similarly, the Kruskal-Wallis ranksum test was used to determine differences in histologic callus height and bone apposition, and radiographic bone formation, callus height, and bone apposition between the three groups and the Wilcoxon rank-sum test was used for multiple comparisons testing within the three groups for each of these parameters with a p value of 0.016 set for significance after a Bonferroni correction was applied for multiple comparisons. All analyses were performed using S-Plus 1 8.0 (Insightful Corp, Seattle, WA, USA).
Results
Histologic data revealed differences (p = 0.002) in bone ingrowth among the three treatments (Table 2) : the OPPA treatment was associated with greater bone ingrowth than PAC (p = 0.008) and plain (p = 0.004), whereas there was no difference between PAC and plain (p = 0.35) ( Table 3) . We observed differences (p = 0.017) in bone apposition among the three groups. The OPPA treatment amounted in greater apposition than the plain group (p = 0.008) but not the PAC group (p = 0.05). There was no difference in bone apposition between the PAC and plain groups (p = 1). There was an overall difference (p = 0.025) in callus height between the three groups. However, although there was a difference between the OPPA and plain groups (p = 0.009), we found none between the OPPA and PAC groups (p = 0.05) or the PAC and plain groups (p = 1). We observed no difference in radiographic bone formation between the three groups based on the multiple comparisons testing (Table 3) .
Thin section histologic analysis revealed that new bone formation occurred mostly from the periosteum adjacent to the cut ends of the bone, the PA coating of the beaded surface was mostly absorbed by the time the specimens were harvested, the OPPA group seemed to show more bone ingrowth and bone formation than the other two groups, and bone formation around the shoulder and porous-coated region did not always equate to bone ingrowth into the porous-coated region of the implant (Fig. 3) . Another important finding was, when bone bridging occurred, it was contiguous with the adjacent cortical bone and the porous coat of the prosthesis.
Discussion
Achieving extracortical bone bridging and bone ingrowth should increase the longevity of bone and joint reconstructive implants. It is postulated OP-1 when used with PA may improve bone bridging and bone ingrowth. The primary goal of this study was to assess the amount of bone ingrowth into the adjacent porous-coated region of a segmental replacement prosthesis when OP-1 is delivered by an HA coating. Our secondary goals were to assess the amount of histologic bone formation, histologic bone apposition, and radiographic bone formation when using OP-1 delivered by an HA coating.
There are numerous limitations in this study. First, the number of animals used is small. As such, not only was it necessary to use nonparametric statistical tests, but also it increases the probability of making a Type II error. Second, the thin sections were made in the longitudinal rather than the transverse plane. In doing so, the sections were taken from the area believed to reveal the best bone formation and enabled comparison of the best-case scenario of each group. Furthermore, the longitudinal sections enabled us to show the ingrowth into the porous coat was contiguous with the adjacent bone. Third, ours is a short-term study and it is difficult to speculate on how the newly formed extracortical bone and bone ingrowth will remodel in the long term. The biomechanical properties of the cobaltchromium alloy prosthesis used in this study are unknown, and implant stiffness may play an important role in the long-term remodeling of extracortical bone. Although we do not have long-term data, bone ingrowth by extracortical bone bridging decreases bone-implant stresses [7] and acts in a load-sharing capacity [5] which should prevent resorption of the newly formed bone and may in fact enhance its integrity. Fourth, our study groups did not include a group using OP-1 without the PA-coated prosthesis. Our reasoning for this is that the PA-coating enables some form of delivery of the OP-1 while fully understanding that the release kinetics and local concentrations of OP-1 using such a delivery system are not fully known. However, it is known that PA-coated discs absorb OP-1 in a linear fashion when applied in concentrations of up to 5 mg/mL, 75% to 80% of the adsorbed OP-1 is released within the first hour of implantation in such a delivery system, and that 92% of the OP-1 is released by 3 days of implantation [52] . Based on these data [52] , we think PA is a justifiable carrier for OP-1 although additional studies on release kinetics would help to better define such a role. Fifth, only a large single dose was used in this study as has Values are expressed as mean ± SD, with median and range in parentheses; OPPA = implanted with an osteogenic protein-1-augmented Peri-Apatite TM -coated beaded implant; PAC = implanted with a Peri-Apatite TM -coated beaded implant; plain = implanted with the plain beaded implant. been the case in other similar very large defect canine models [11, 15, 17, 38] . Although our study suggests that OP-1 delivered by PA potentiates bone ingrowth in extracortical bone bridging, determination of optimal dosing requires further work. Finally, the use of OP-1 may not be indicated for tumor cases and should likely be reserved for cases of massive bone loss secondary to nontumor-related reasons in which extracortical bone bridging may be desirable.
The findings of superior bone ingrowth when OP-1 was used with PA-coated porous prostheses in diaphyseal segmental defects in this canine model are similar to those previously reported. In a canine model, Barrack et al. [2] found that acetabular defects filled with OP-1 resulted in better ingrowth of acetabular components. Zhang et al. [51] found that bone ingrowth and bone healing were superior in a rabbit gap model. Fukuroku et al. [17] found that although mechanical stability was improved when OP-1 was used with allograft bone to achieve extracortical bone bridging, bone ingrowth was not superior to autogenous bone graft without the use of OP-1. Although all of these other models have evaluated ingrowth, they have used some form of osteoconductive surrounding that could in some way support bone formation. Pluhar et al. [37] found recombinant human BMP-2 without the use of bone graft can improve bone formation in the extracortical bonebridging model at the junction of the implant and bone; however, the quantification of bone formation was purely radiographic and ingrowth was not assessed. In a human implant retrieval study, Tanzer et al. [43] found radiographic ingrowth does not correlate to histologic ingrowth. Our study showed histologically that bone ingrowth can occur without the use of bone graft when OP-1 is delivered by PA. Whether bone grafting can improve extracortical bone bridging or bone ingrowth when used as an adjunct to OP-1 remains an unanswered question that warrants further evaluation.
We found that although there was no difference in the amount of radiographic bone formation between the three groups, the histologically-measured callus height over the immediately adjacent porous region was greater for the OP-1 loaded group as compared with the plain group but not between the OP-1 loaded and PA only groups or between the PA only and plain groups. A number of studies demonstrate OP-1, when used in gap or defect models, improves bone formation [11, 12, 15, 34] . Fukuroku et al. [17] found no differences in bone formation between OP-1 with allograft and autograft alone and suggested that perhaps the small sample size of seven per group was a possible reason for the lack of statistical superiority.
Although the OP-1 loaded group had better histologic bone apposition than the plain group, there was no difference between the OP-1 loaded and the PA only groups or between the PA only and plain groups. In an intraosseous gap model, Lind et al. [34] studied bone ongrowth with respect to HA coating, OP-1 and a collagen matrix. They found HA groups and OP-1 groups improved bone ongrowth and although they observed no difference in the amounts of bone ongrowth between these two groups, the OP-1 device was associated with improved mechanical fixation of uncoated and HA-coated implants. We did not find a difference between the PA only and the plain groups in our study.
In our study, the sole addition of PA to the basic implant did not appear to enhance bone formation, apposition, or ingrowth. There has been debate regarding the exact mechanism by which osseointegration is improved by HA. Although studies have postulated the biochemical similarity of HA to bone may explain its osteoconductive properties [18, 19] , it has been suggested it is likely the microsurface topography of HA rather than its chemistry that promotes osseointegration [24] . Regardless of the mechanism of action, many studies show improved bone ingrowth, mechanical strength, and osseointegration with its use [9, 14, 20, 39, 46, 51] . In our study, there was no difference in extracortical bone bridging or bone ingrowth between the PA and plain groups. The expectation was that the PA may reveal slightly better new bone formation than the plain porous-coated prosthesis; however, without any bone grafting, perhaps there were not enough osteoinductive and osteogenic factors around to stimulate bone formation. Again, this suggests the importance of using OP-1 or autogenous bone graft to improve new bone formation and osseointegration.
The qualitative assessment of the histology showed that the new bone appears to form from the adjacent periosteum. This finding is supported by Nilsson et al. [36] , who also reported that BMP-induced new bone formation arises from adjacent periosteum. Fukuroku et al. [17] preserved the periosteum over the reconstructed segment in their model and commented that preserved periosteum could have important implications on extracortical bone bridging and ingrowth. We too think that preservation of adjacent periosteum such that it can be laid onto the porous-coated region of the implant is an important feature that could potentiate bone formation and bone ingrowth.
A high dose of OP-1 (2.9 mg) was used in this study. Various dosages of OP-1 have been used in different animal models. Low doses (6.25 lg) enhance the likelihood of union in a rabbit ulna nonunion model [12] , and small gap (3 mm) models in canines show improved bone formation and ingrowth with doses of 300 to 325 lg [25, 34] ; whereas, large defect ([ 20 mm) models in large animals (primates and canines) have tended to use larger OP-1 doses (1-3.5 mg) to show improved bone formation, biomechanical strength, and bone ingrowth [11, 15, 17, 38] . A dose comparison study of the use of 1.75 mg versus 3.5 mg of OP-1 when delivered by a carboxymethylcellulose collagen combination carrier in a 25-mm canine ulnar defect model showed greater early bone formation in the larger dose group; however, final radiographic and histologic healing and mechanical strength testing showed no difference between the two doses suggesting that a lesser dose could be used [13] . Comparison studies for dose effects on bone ingrowth and bone formation in very large defects (60 mm in this case) do not exist and determination of optimal dosing requires further investigation.
We showed OP-1 (2.9 mg) when used in combination with PA-coated prostheses in a canine segmental defect model can improve bone ingrowth in the extracortical bone bridging model. Although the PA-coated implants when used in isolation (without OP-1) did not appear to enhance extracortical bridging, our results and those of others [51, 52] suggest they may be useful in the delivery of biologic growth factors such as OP-1. Additional work is required to better define the absorptive and elution characteristics of PA and determine the importance of autogenous bone grafting when OP-1 is used to enhance extracortical bone bridging and bone ingrowth.
